Relatively higher values of Angstrom exponent (α) around 1.2 near coast and 0.2-0.8 in the India's EEZ, observed during the cruise period, indicate the presence of smaller particles near the coast due to anthropogenic activities; and larger particles in the India's EEZ due to advection of pollutants from Indian subcontinent via long-range transport. Results related to α and its derivative reveal four different aerosol types (urban-industrial, desert-dust, clean-marine, and mixed-type) with varying fraction during the study period. Surface radiative forcing due to aerosols is found to be 20 W/m 2 over India's EEZ. OCMderived AOTs showed good corroboration with in situ measurements with a correlation coefficient of about 0.95. A reasonably good correlation was also observed between AOT and wind speed (R = 0.6); AOT and relative humidity (R = 0.58). The concurrent MODIS AOT data also agree well with those observed by the OCEANSAT (OCM-II) satellite during the campaign period.
Introduction
Although aerosols are minute particles, their cumulative radiative effect (both direct and indirect) on the atmosphere is tremendous [1] . They can scatter away and absorb the incident solar radiation leading to cooling of the earth's surface and simultaneous warming of the lower atmosphere up to about 6 km [2, 3] . Aerosols also pollute the atmosphere and reduce visibility [4] . Continental aerosols are mainly windblown mineral dust and carbonaceous and sulphate particles produced by forest fires, land-use, and industrial activities, while marine aerosols are mainly sea-salt particles are produced by wave-breaking, and sulphate particles produced by the oxidation of Dimethyl Sulphide (DMS), released by the phytoplankton [5] . As the oceans cover more than 70% of the earth's surface, they are one of the largest sources of natural aerosols. Being hygroscopic, marine aerosols are crucial in cloud formation in the marine boundary layer and are also important in the radiative coupling between the ocean and the atmosphere. While continental aerosols can be both scattering and absorbing, marine aerosols are mostly of scattering type [6] , thus becoming a decisive factor in the albedo of the earth [7] [8] [9] [10] . Aerosols are poorly characterized in climate models due to the lack of global information on their physico-chemical properties and spatial and temporal distributions [10, 11] .
Most of the in situ data campaigns for aerosol characterization have provided significant information on spectral variability, aerosol type, particle size, and so forth; however, they could not provide information on the spatial distribution and transport process. Routine monitoring of aerosol events and their subsequent dispersal pattern are important in order to understand their role in the climatic processes. The satellite sensors provide platform for making observations covering large area as also their short-term and frequent repeatability. Ocean-color sensors for example, CZCS, SeaWiFS, MODIS, POLDER, OCEANSAT-I, OCEANSAT-II have been used to study aerosols, apart from being used to study the ocean color [3, 4] . Most of the ocean-color sensors are equipped with a few additional near 2 International Journal of Oceanography infrared (NIR) bands (λ > 700 nm), which are helpful in providing vital information on atmospheric aerosols due to strong absorption by water in the NIR wavelengths. OCEANSAT-II Ocean Color Monitor (OCM-II) is one such satellite providing ocean color measurements around the sea adjoining the Indian subcontinent. Das and Mohan [4] have shown the use of OCM data for the estimation of AOT and its spatial and temporal behavior over the Indian Ocean region.
The present study focuses primarily on the temporal, spatial, and spectral variations of marine AOT over the India's EEZ (Arabian Sea) in detail. This study is performed based on the measurements conducted on-board a research vessel Sagar Kanya and OCEANSAT-II (OCM-II) sensorderived AOTs during December 12, 2009 -January 10, 2010 in the India's EEZ (Arabian Sea). During the months of December through February, north-easterly winds over the Indian subcontinent carry aerosols from the land towards the oceanic atmosphere. These months, therefore, become the most ideal period to study the effect of continental aerosols and their dispersal in the oceanic atmosphere. The satellitederived AOT values have been compared with the in situ measurements, and long-range transport of air mass from the Indian subcontinent is also examined with the HYSPLIT back trajectories during the cruise period.
Instrumentation and Calibration
A total of four instruments were used concurrently in the present OCM-II calibration and validation experiment. They are (i) Microtops sun-photometer that measures AOT; (ii) Microtops ozonometer that measures precipitable water content (PWC) and total column ozone (TCO); (iii) Thermohygrometer/AWS (Automated Weather Station) which makes measurements of surface-level meteorological parameters; (iv) a short-wave (SW) pyranometer that determines downwelling solar radiation. Calibration is essential for these instruments to ensure reliability of its products [12] . All the above-mentioned instruments were calibrated before their deployment. The Microtops provides good quality measurements on moving platforms as explained in the sections to follow. The calibration of this instrument is done at Mauna Loa, Hawaii, a unique high-altitude location allowing access to a pure and stable atmosphere. The manufacturer, M/s Solar Light, Philadelphia, USA, undertakes this calibration campaign each year. The calibration relies on a highperformance voltage reference with the temperature coefficient ≤0.001% per degree Celsius and long-term stability of ∼0.005% per year. The full width at half maximum bandwidth at each of its wavelength channels is 2.4 ± 0.4 nm, and the accuracy of the sun-targeting angle is better than 0.1
• . Additional details of the radiometers used in the present study have been published by [13] [14] [15] . • E) and covered line-by-line (around 36 multiple paths during the study period), then it returned from India's EEZ (13 • N, 70.5
Site Location and Measurements Methodology
• E) to the Goa port. Microtops measures AOT at six wavelengths, each centered at 380, 440, 500, 675, 870, and 1020 nm, from the instantaneous solar flux measurements using its internal calibration. The on-board measurements were carried out following the standard AOT measurements protocol for shipborne surveys. The measurement protocol was to make a triplet of observations every 5-10 minutes, while following the suggestions of the previous literature [17] [18] [19] , when the solar disk was free from clouds. Also, the sun-photometer and ozonometer were switched on and off routinely to update the temperature correction [17] . The collected data were processed and grouped into series by adhering to the methodology of Smirnov et al. [19] . The arithmetic and geometric daily averages of AOT, compared to avoid sampling biases [20] , agree within 0.007 or less. During the cruise, the sun-photometer and ozonometer were operated from 08:00 hrs to 16:00 hrs at 5-minute interval in the sunrise and sunset time, and in the remaining period 10-minute interval. AOT measurements were made from the ship-deck. Simultaneous surface-level meteorological observations like atmospheric pressure, wind speed/direction, temperature and relative humidity, and so forth were recorded by the AWS (Model WDL 1002; Dynalab, Pune, India). The concurrent down-welling surface SW radiation data were archived at a 1-minute interval using the gimbal-mounted SW pyranometer (Model DWR 8101; Weathertech Pvt. Ltd., Pune, India). The directional and nonlinearity errors for the pyranometer are estimated to be about 2% of the reading, whereas total daily expected uncertainty is ±3%. OCM-II satellite data was obtained corresponding to the in situ data collected in the Arabian Sea during December 12, 2009-January 10, 2010 covering the study area for every alternate day, because the OCM-II has once-in-two-days repeatability. OCM records reflected radiation from earth's surface in eight spectral bands ranging within the 412-865 nm wavelength bands. The NIR wavelength band of 865 nm has been used for the estimation of AOT over the oceanic surface.
Results and Discussion

Spectral AOT Variations.
The spectral variations of AOT at six wavelengths for the entire cruise period are shown in Figure 2 . The daily mean AOT values at 500 nm wavelength for 30 days of observations were mostly in the range from 0.14 to 0.7. Unusual AOT values occurred during the cruise period due to a sudden low-pressure system that formed near the Sri Lankan region. We have categorized the measurements into coastal and India's EEZ based on the distance from the coast. This division is arbitrary, but sufficient to illustrate the differences between the aerosol spectral properties close to and far from land. The AOT data collected from December 15, 2009-January 8, 2010 represent mainly India's EEZ environment and remaining data were considered for coastal environment. It is noted that AOT at 500 nm was about 0.23 over the India's EEZ away from the coast, similar variations have been reported by Chauhan et al. [21] and Kalapureddy and Devara [22] . When the ship approached the coast, the mean AOT at 500 nm has increased to 0.45 while the values of AOT decreased as the ship moved away from the coast in the India's EEZ, thereafter it increased again as the ship approached the coast. Figure 2 shows lower values of spectral variations in the India's EEZ in the Arabian Sea from coast as compared to that of near-coast stations, which clearly reveal distinct information on particle size distribution over the two regions. The size of marine aerosol is found larger as compared to continental aerosols. 
Ozone and PWC Variations.
The daily mean columnar ozone variations are depicted in Figure 3 . The TCO is found to vary from 210 to 255 DU. During the entire campaign, lower values of TCO were observed on two days, which are considered to be due to photochemical reactions with 
Angstrom Parameters.
Spectral variation of AOT provides information on the particle size distribution in the total atmospheric column. The inverse power-law for spectral variation of AOT is given as
where, α, β, and λ represent the Angstrom exponent, turbidity factor, and wavelength used, respectively. The value of α depends on the portion of the concentration of large to small aerosol particles and is related in such a manner that higher value of α indicates dominance of smaller particles. β represents the total aerosol loading in the atmosphere and as such higher values of β give an indication of poor visibility due to higher turbidity level. The variations in Alpha and Beta during the cruise period are shown plotted in Figure Alpha constitutes a measure of the rate of change of the slope with respect to wavelength. Eck et al. [23] attempted to quantify the curvature of spectral variation of AOT using the second derivative of ln τ λ versus ln λ, that is, derivative of α with respect to ln λ as
The curvature can be an indicator of aerosol particle size, with negative curvature indicating aerosol particle size distribution dominated by fine-mode while positive curvature indicates size distribution with significant contribution by coarse-mode [23] . α close to zero indicates constant slope AOT, indicating coarse-mode dominance, while higher values represent rapidly changing the slope. In the present study, α was derived using observed AOT at 380, 440, 500, 675, 870, and 1020 nm wavelengths. Both the coarse-and finemode aerosol size distributions had been clearly noticed from Figure 6 . Near the coastal environment, as discussed above, the variations in AOT, Alpha, Beta indicated finemode particles (negative α value) which are considered to be due to anthropogenic activities. Once the ship entered the India's EEZ, coarse-mode particle dominance is observed (positive α value). These features have been substantiated through long-range transport of air mass trajectories around the India's EEZ by using NOAA HYSPLIT model.
Surface Radiative Forcing.
The Pyranometer-measured global SW flux in the wavelength region between 0.3 and 3.0 μm is correlated with instantaneous AOT 500 nm (corrected for the air mass factor, 1/μ) so as to estimate the surface radiative forcing [24] . Normalization of AOT with μ (=cos θ) is found to be necessary as the slant air column length increases with increasing solar zenith angle θ. The observed flux represents the solar flux at sea surface, normal to the angle of incidence, with a cone of about 2.5
• around the Sun. The AOT values for solar zenith angle greater than 60
• are excluded (to avoid Earth's curvature effect) and the AOT/μ values are restricted to within 0.80. Figure 7 shows scatter plot of the measured normalized SW flux with AOT for India's EEZ. A straight line could be fitted with a negative slope of about 20.08 W/m 2 for every 0.1 increase in the AOT (from Figure 7) for India's EEZ in the Arabian Sea. The scatter between the two data sets is considered mainly to be due to (i) uncertainties in global flux spatial inhomogeneity of the atmosphere within the hemisphere and (ii) contamination of the solar flux by broken and optically thin clouds. Moreover, such a relationship is consistent with 
Validation of OCM-II with In Situ AOT at 865 nm.
The irradiance data in the HDF format from the OCM-II sensor were converted into the geophysical coordinate mode (latlong mode) using the ENVISAT-II software [4, 21] . Thus OCM-II data were obtained at a specific wavelength in the India's EEZ and matched with the observed Microtops data. The OCM-II satellite passes in the Arabian Sea were available at 12:30 PM on alternate days. Hence the ship data were recorded from 11:00 AM to 1:30 PM and is synchronized with particular lat-long of the ship at 12:30 PM. Here we considered the OCM-II data in the 5
• × 5
• grid mode to obtain AOT. The OCM-II provides AOT at 865 nm while the Microtops yields AOT at 870 nm. By using the Angstrom exponent formula, the AOTs at OCM-II and Microtops were matched at the wavelength of 865 nm. OCM-II data for cruise duration of 12 December 2009 till 10 January 2010 for pass number 12 was processed by extracting average AOT at 865 nm values from AOT product using ENVISAT-II Software. A comparative analysis of the OCM-II derived AOT at 865 nm was done with in situ measured AOT values using the hand-held sun-photometer. Figure 8 shows the relationship between OCM-II derived and in situ measured AOT values at 865 nm for match-up locations. A total of six match-up locations could be achieved during the cruise duration, because of the day-by-day satellite passage of OCM-II sensor and sudden weather disturbance near the Sri Lankan region. It is evident from the figure that OCM-II derived and in situ measured AOT values show a good correlation coefficient with less error (R 2 = 0.95 and RMSE = 10%). Most of the time OCM-II derived AOT is found to slightly over estimate the in-situ AOT. the cruise period is shown plotted in Figure 9 . It is clear from the figure that near the coast line (14.5 • N, 72
• E), AOT values are high. But when the ship enters the India's EEZ (13 • N, 71
• E), they are very low. Due to sudden occurrence of weather disturbance over the observational site, AOT reached to very high. The lat-long cross-sections of TCO and PWC observed over the India's EEZ during the cruise period are depicted in Figures 10 and 11 
and 69
• E, which may be due to the transport of nitrogen compounds leading to ozone depletion. The higher PWC values noticed over the belt between 13
• N and 69
• E are considered to be due to sudden weather disturbance formed near the Sri Lankan region. Figure 12 portrays seven-day back trajectories (at three altitudes) for the entire India's EEZ as obtained from NOAA HYSPLIT model. They clearly reveal that different air masses (originating from Indian subcontinent, Sri Lanka, Arabian Sea) influenced the AOT over the experimental site (India's EEZ). This analysis also discloses that Arabian and Indian subcontinent air masses play a significant role in influencing the India's EEZ. It further reveals significant changes, which are considered to be due to observed day-to-day variability of aerosols properties. The lower altitude air masses originate from the Arabian Sea and Indian subcontinent without traveling longer distance while those at higher altitudes travel longer distance and effect significantly the long-range transport of air masses over the Sri Lankan region. 
Long-Range Transport of Aerosols.
Relationship between AOT and Surface Meteorological
Parameters. Meteorological instruments on the ship's deck provided information on the prevailing wind speed, direction, deck-level temperature (T), pressure (P), and relative humidity (RH). These data were continuously recorded at 3 hour interval during the cruise period and also at every hour during the Microtops observations when the ship was stabilized in position with the help of dynamic thrusters. The measurements of T and RH are made at the upper deck-level, about 10 m above the water level. The daily mean temperature, RH, and wind speed in the India's EEZ region during the campaign period are plotted in Figure 13 .The daily mean temperature was around 28-29.5
• C or less during the India's EEZ which decreases to around 27
• -28
• C on 27-29 December 2009 and 5 January 2010. RH is found to decrease from about 89% on 18 December 2009 and 6 January 2010 to less than 72%. Thereafter, the RH increased and is found to be in the 80-89% range on 14, 20, 24, 28 December 2009. Daily mean RH increased to more than 80% on the days associated with fog. During the winter period over northern India, the low-level winds, in general, are calm, north/northeasterly, and arrive from the polluted northern hemisphere. During this period, we observed south-westerly winds at surface-level. RH was found to vary significantly during the day on foggy and hazy days. The daily average wind speed varied from 2.5 to 11 m/s, during the first week and last week of the campaign, that is, 13 December 2009 and 2 January 2010 the wind speed is low (∼2.5 m/s), in the remaining time it varied from 4 to 19 m/s. The daily average AOT at 870 nm varied along with met parameters during the cruise period. It is evident from the figure that AOT increases with higher wind speed and vice versa, and AOT also increases with RH, which confirms that the aerosols over the India's EEZ region are of hygroscopic nature and have affinity towards moisture. AOT variation with temperature is not very consistent as compared to those of RH and wind speed. Correlation coefficients of 0.6 and 0.58 were observed between AOT with wind speed and relative humidity, respectively.
Discrimination of Aerosol Types over India's EEZ.
When attempting a realistic characterization of the aerosol properties, data of both AOT and Alpha have to be used [25] since they both strongly depend on wavelength. Thus scatter plots of AOT versus Alpha have been obtained to determine different aerosol types for a specific location through the determination of physically interpretable cluster regions in the diagram. Therefore, the detailed spectral information in different pairs of wavelengths can help in determining and discriminating between different aerosol types [26] [27] [28] . These AOT-Alpha patterns have been observed at several locations and for determining different aerosol types such as biomass smoke, anthropogenic aerosols, desert dust [29] [30] [31] [32] [33] . In all the above studies, a wide range of values for low AOT at 500 nm were obtained, thus reflecting relatively clear continental conditions with strong variability in the dominant aerosol properties. Because of the poor correlation between AOT and Alpha, values of both quantities must be considered for a realistic analysis. Figure 14 shows the density plot of AOT 500 nm-Alpha (380-1020 nm) over the whole India's EEZ in the Arabian Sea. These contour maps were constructed in 0.1 steps for both AOT at 500 nm and Alpha (380-1020 nm) values. In the AOT 500 nm-Alpha (380-1020 nm) plot rectangle areas denoted as urban-industrial (UI), clean-maritime (CM), desert-dust (DD), and mixed type (MT) aerosols, respectively, the boundaries of these areas concerning to the selected threshold values of AOT at 500 nm and Alpha. In such studies, the selection of the threshold values can be very important. In the present study, the AOT at 500 nm ranges from 0.14 to 1.0, and the Alpha (380-1020 nm) from 0.4 to 1.7. The criterion for discriminating different aerosols, reported by Kalapureddy et al. [34] , has been followed in the present study. For the same reason, the Alpha (380-1020 nm) threshold value for characterizing desertdust aerosols was taken slightly higher (0.7 against 0.5) since the desert particles transported over oceanic regions can be mixed with the other aerosols and the larger particles are deposited near the source region; these processes lead to the increase of the Alpha values. Regarding the whole India's EEZ region!represented in Figure 14 , a rather great scatter of data points is observed for low to moderate turbidity conditions, from which it is difficult to extract any useful information; only extreme values seem to be indicative of clear associations. Viewing the density plot of the whole India's EEZ, four areas of larger density are observed. However, the majority of the AOT 500 nm values lie between 0.15 and 0.6. The Alpha (380-1020 nm) values are mainly depicted in the 0.4-1.7 interval. Previous studies over the AS region reveal the near similar AOT 500 nm (0.3) and Alpha (1.0) during premonsoon (March-May) season [35] [36] [37] [38] . Moreover, the above studies while examining the synergy of observations (physical and chemical properties of aerosols) and models also explored the aerosol type information as the fractional contribution of different aerosol in the AOT which was about 10% by mineral dust and sea-salt contribution is around 20% and anthropogenic sources contribution is above 60% over AS around premonsoon season which are nearly comparable with the present results.
The four maximum density areas represent different aerosol types. Thus the absolute maximum density area, observed for the pair of AOT at 500 nm, and Alpha (380-1020 nm) is an indicator of moderate turbidity conditions dominated by UI aerosol type. Another maximum density area is depicted for (AOT at 500 nm, Alpha (380-1020 nm) corresponds to MT aerosol, having larger fraction of coarsemode particles under more turbid conditions. The other two secondary maximum density areas are significantly lower, but quite characteristic of different aerosol types. Thus the (AOT at 500 nm, Alpha (380-1020 nm) pair is characteristic of DD particles, while that AOT at 500 nm value of 0.5 and Alpha value of 1.1 is indicative of the transport of continental polluted plumes over AS. These different aerosol sources will International Journal of Oceanography have direct effect on the wide range of Alpha (380-1020 nm) values, from 0.4 to 1.7, especially for low AOT at 500 nm (<0.15), suggesting a range of aerosol types from pure finemode pollutants to predominately coarse-mode particles.
For higher values of AOT at 500 nm, corresponding to dust conditions, Alpha is relatively low, a feature that compares well with that reported in the literature [39, 40] . The properties of dust may also differ because of the variability of sources or the distance from the source region [41] . Thus, the detailed spectral information given by the determination of Alpha in different spectral bands helps us in determining and discriminating the aerosol types.
AOT Distribution as Seen from OCEANSAT-II and MODIS Satellites over the India's EEZ Region.
The data products from OCM-2 are available at 360 meter spatial resolution for regional studies which are also called local area coverage (LAC) products. Table 1 provides the technical details of the OCEANSAT-II OCM instrument. The global area coverage (GAC) products are available at 4 km spatial resolution for global studies. The Level 1B top of the atmosphere (TOA) radiance data from all the eight bands of OCM sensor is used along with ancillary information to generate various biogeophysical data products. The main geophysical products from OCM-2 are chlorophyll-a concentration, total suspended sediment concentration, vertical diffuse attenuation coefficient (Kd-90) at 490 nm and AOD at 865 nm. These data products from OCM-2 can also be used for studying oceanic primary production, fisheries resources, global carbon cycle, spatial and temporal patterns of algal blooms, dynamics of coastal currents, physics of mixing and relationship between ocean physics and large scale patterns of productivity, land-ocean interaction in the coastal zone and sediment dynamics on regional as well as global scales. The availability of ocean-color data from OCM-2 opened new frontiers in remote sensing for open-sea as well as coastal regions on regional and global scales due to its relatively higher spatial resolution of around 360 meters. The obtained LAC data products during the cruise period are analyzed by using ENVISAT-II software at SAC, ISRO, Ahmedabad, India, and typical days were selected ( dust particles transported from the AS would be lost on the way through gravitational settling since the distance involved is too large. Instead, the aerosols here will be mostly composed of particles from the urban and industrial centers along the west-coast collected by the lower altitude northerly winds [34, 42] . A scrutiny of the wind field at lower altitudes, particularly, at the surface (responsible for marine aerosol production) does not show any major dayto-day variations about the mean behavior during the period of the event. Figure 17 shows the vorticity at 850 hPa over the Arabian Sea. It was clearly seen that the anti-cyclonic circulation situated slightly west to the central peninsula was stronger on southern India and India's EEZ of the Arabian Sea. The southerly winds associated with this cyclonic flow are also very strong leading to the enhancement of wind convergence on these days of formation of the cluster of southern Indian peninsular ( Figure 17 ). Therefore, it may be concluded that the short-term enhancement of the wind convergence at 850 hPa has given rise to the accumulation of aerosols initiating the formation of the aerosol cluster. It would be interesting to note here that such elevated aerosol cluster formations over the Arabian Sea were detected during the Indian Ocean experiment (INDOEX) conducted in 1999 [43] which were attributed to upper level transport of continental aerosols from Arabia, eastern Pakistan, and the Thar desert where the frequency of dust storm activity is large during this period of the year [44] [45] [46] . In addition to dust particles, the initial composition of the aerosol cluster will contain some contribution of fine-mode aerosols from Indian subcontinent and coastal industries brought in by the cyclonic winds during the SK-266.
Conclusions
The Microtops observations carried out on-board Sagar Kanya in the India's EEZ of the Arabian Sea and concurrent OCM-II satellite data have been analyzed. The salient results of the study are highlighted below.
(i) Spectral variation of the AOT during the campaign shows significant influence of anthropogenic and natural activities on the pristine AOT (∼0.14) and coastal AOT (∼0.7), and sudden response of weather disturbance to AOT.
(ii) Lower values of Ozone due to photochemical reactions, and sudden increase of PWC due to formation of low pressure area in the India's EEZ. (iv) Long-range transport of air mass, consisting of north-eastern Indian land and south-eastern Sri Lankan and Arabian Sea aerosols play major role in the observed increase in fine-mode aerosol loading over the India's EEZ region.
(v) Over the observational site, UI aerosol density seems to be maximum and is followed by CM and DD type whereas MT type is found to be the least.
(vi) AOTs in the sensing region show strong correlation with wind speed and relative humidity.
(vii) High correlation was observed between OCM-II level-2 product with in situ ground-based Microtops and MODIS satellite observations.
(viii) Spatial distributions of mean surface-level wind at 1000 hPa and vorticity at 850 hPa have shown southwesterly winds and strong convection during the study period, resulting in aerosol cluster formations in the India's EEZ.
